Objective-Depressive symptoms are associated with an increased risk of cardiac events in patients with heart disease. Elevated catecholamine levels may contribute to this association, but whether depressive symptoms are associated with catecholamine levels in patients with heart disease is unknown.
patients with coronary heart disease, including increased heart rate (13) and decreased heart rate variability (14) . High catecholamine levels can damage cardiac myocytes (15, 16) and have been associated with cardiac events and mortality in a variety of clinical and population-based samples (17) (18) (19) (20) (21) (22) . Thus, altered autonomic tone may contribute to adverse cardiac outcomes in patients with depression.
The Heart and Soul Study is an ongoing prospective cohort study of psychosocial factors and health outcomes in patients with coronary disease (3) . We examined the association of depressive symptoms with 24-hour levels of uri-nary norepinephrine, epinephrine, and dopamine excretion at baseline. We hypothesized that depressive symptoms would be associated with increased levels of excretion of urinary catecholamines.
Method Participants
Details regarding our recruitment procedures have been published previously (3) . In brief, we used administrative databases to identify outpatients with documented coronary disease at two Veterans Affairs (VA) Medical Centers (the San Francisco VA Medical Center and the VA Palo Alto Health Care System, California), one university medical center (the University of California, San Francisco), and nine public health clinics in the Community Health Network of San Francisco. The patients were eligible to participate if they had at least one of the following: a history of myocardial infarction, angiographic evidence of ≥50% stenosis in one or more coronary vessels, prior evidence of exercise-induced ischemia by treadmill or nuclear testing, a history of coronary revascularization, or a diagnosis of coronary disease by an internist or cardiologist (based on a positive angiogram or an exercise treadmill test in >98% of the cases). The subjects received a nominal reimbursement for their participation.
Between September 2000 and December 2002, a total of 1,024 participants enrolled and completed a day-long study appointment at the San Francisco VA Medical Center. Of these, we evaluated the association between depressive symptoms and 24-hour urinary catecholamine excretion levels in the participants whose urine collection we verified as having been refrigerated during the 24-hour collection. Refrigeration is important for the preservation of catecholamines. Although all participants were instructed to refrigerate their urine, we verified urine refrigeration for only the last 630 study participants. Of these 630 subjects, we further excluded 24 participants whose 24-hour urine collections were deemed inadequate (because of incomplete collection), seven participants with low urine volumes (<500 ml), and one participant with pheochromocytoma, leaving 598 participants for the analysis. Our protocol was approved by the appropriate institutional review boards, and all participants provided written informed consent.
Depressive Symptoms
We measured depressive symptoms by using the 9-item Patient Health Questionnaire (20) , a self-report checklist of depressive symptoms derived from the well-validated Primary Care Evaluation of Mental Disorders interview (23) . When compared with a structured psychiatric interview by mental health professionals as a criterion standard, a score on the Patient Health Questionnaire ≥10 has been reported to be 88% sensitive and 88% specific for major depression (24) . We used this standard cutoff point of ≥10 to define depressive symptoms. We also categorized scores on this scale as representing none to minimal depressive symptoms (Patient Health Questionnaire score=0-3), mild to moderate depressive symptoms (score=4-9), and symptoms consistent with major depression (score ≥10). The participants found to have high levels of depressive symptoms were informed that they may be suffering from depression, were instructed to discuss these symptoms with their primary care provider, and were provided a list of local resources available for further evaluation and treatment.
24-Hour Urinary Catecholamine Measures
To ensure urine collection during a typical day under typical circumstances, the participants were asked to collect urine in their home environments. They were instructed to collect all urine for 24 hours between the end of their study appointment and the time when a researcher visited their house the next day and to keep the urine collection jugs refrigerated at all times. In our pilot testing, we found that this procedure was more likely to yield complete 24-hour collections than asking participants to start their 24-hour collection at 8 a.m. the next day. No preservatives were added to the urine jugs.
The subjects were instructed to void immediately before leaving the study appointment and beginning the urine collection. Research personnel arrived at the patients' homes exactly 24 hours after their study appointments ended to ensure accurately timed specimens and to enhance compliance with the protocol, including verifying that the urine jugs were stored in the refrigerator. If more than 1 hour had passed since the participants' last void, the subjects were asked to void again to complete the collection.
All patients were asked whether they were able to collect all urine or if some fraction had been inadvertently discarded. If the sample was reported to be incomplete, if it was not refrigerated throughout the procedure, or if the volume was less than 1 liter, the subjects were asked to repeat the collection, and research personnel returned 24 hours later to recollect the urine. Similarly, if the 3-liter collection jugs were completely full, the subjects were given two new jugs and asked to repeat the collection to ensure that no urine had been inadvertently discarded. If the subjects were unable to collect all urine for any reason or had urinary incontinence, their samples were deemed inadequate, and no uri-nary catecholamine data were recorded for these subjects.
Urinary catecholamine excretion levels (norepinephrine, epinephrine, and dopamine) were measured with gas chromatography-mass spectrometry at the Associated Regional and University Pathologists laboratories, with headquarters in Salt Lake City (25) . The normal reference range for these assays is 60-440 μg/day for dopamine, 0-25 μg/day for epinephrine, and 0-100 μg/day for norepinephrine. Because the detection limit was 1.0 μg/dl, catecholamine levels for the participants whose excretion level was below this detection limit were coded as 1.0 μg/dl. To ensure adequate sampling, we measured urinary creatinine levels in parallel and included only the participants who had a urinary creatinine value within the normal range (0.8-2.1 g/day).
Potential Confounding Variables
Self-reported age, gender, medical history (with a checklist of 30 common medical disorders), smoking, and alcohol use were determined by questionnaire. Body mass index was calculated as weight in kilograms divided by the square of height in meters, and obesity was defined as a body mass index ≥30 kg/m 2 (26) . To assess physical activity, we asked the participants, "Which of the following statements best describes how physically active you have been during the last month?" Those who answered fairly, quite, very, or extremely active (versus not at all or a little active) were considered physically active. The participants received written instructions and were reminded by telephone the night before their appointments to bring their medication bottles to the study appointments, and study personnel carefully recorded all current medications.
We assessed cardiac function by using a resting ECG for the measurement of left ventricular ejection fraction, an exercise treadmill test for the measurement of exercise capacity, and a stress ECG for the assessment of ischemia. We measured resting blood pressure with a standard sphygmomanometer and performed a symptom-limited, graded exercise treadmill test according to standard Bruce protocol. We defined exercise capacity as the total number of metabolic equivalents and calculated the wall motion score index at the peak of exercise as our measure of ischemia (27) .
Statistical Analysis
The goal of this study was to examine the association between depressive symptoms and 24-hour urinary catecholamine excretion levels in patients with coronary heart disease. Differences in characteristics between participants with and without depressive symptoms were compared by using t tests (or a nonparametric equivalent) for continuous variables and chi-square tests for dichotomous variables. Analysis of covariance was used to compare mean levels of catecholamine excretion in participants with and without depressive symptoms.
To determine the unadjusted and adjusted associations between depressive symptoms and catecholamine levels, we used logistic regression analyses with depressive symptoms (Patient Health Questionnaire score ≥10) as the predictor variable. Our dichotomous outcome variables were 1) highest quartile of catecholamine levels and 2) catecholamine value above the normal range. To obtain adjusted risk estimates, we entered all variables from Table 1 into a backwardelimination logistic regression model, with depressive symptoms forced into the model. The variables that were associated with elevated levels of catecholamine excretion at p<0.15 were retained in the models so as not to miss any associations between potentially confounding variables and the variables of interest. The likelihood ratio test was used to assess the fit of the model and to determine if additional variables should be dropped from the models. We also tested for interactions between depressive symptoms and all other variables that were associated with elevated levels of catecholamine excretion. The analyses were performed with Statistical Analysis Software, version 8 (SAS Institute, Cary, N.C.).
Results
Of the 598 participants, 106 (18%) had depressive symptoms (Patient Health Questionnaire score ≥10). Compared with the participants who did not have depressive symptoms, those with depressive symptoms were younger, more likely to be female, and more likely to have hypertension, diabetes, or congestive heart failure ( Table 1 ). The participants with depressive symptoms were more likely to be using antidepressant medications, to have a lower exercise capacity, and to smoke. There was no difference in 24-hour levels of urine creatinine excretion between the participants with and without depressive symptoms. The proportion with depressive symptoms was similar to the Heart and Soul Study participants who were included or excluded from the analysis (18% versus 19%) (χ 2 =0.28, df=1, p=0.74).
Mean Levels of Catecholamine Excretion
The participants with depressive symptoms had greater 24-hour levels of urinary free norepinephrine excretion than the patients without depressive symptoms (Table 2) . This difference in levels of norepinephrine excretion persisted after we adjusted for age, sex, body mass index, smoking, urinary creatinine level, comorbid illnesses, medication use, physical activity, and cardiac function ( Table 2) . We observed no interactions between depressive symptoms and the other variables that entered the model (all p values for interaction >0.05). The participants with depressive symptoms also had greater levels of dopamine excretion than those who did not have depressive symptoms, but this difference did not persist after adjustment for age, sex, body mass index, smoking, urinary creatinine level, comorbid illnesses, medication use, physical activity, and cardiac function. We did not observe an association between depressive symptoms and epinephrine levels ( Table 2) .
Levels in Highest Quartile of Catecholamine Excretion
Depressive symptoms were not associated with elevated levels of epinephrine or dopamine excretion. However, depressive symptoms were strongly associated with elevated levels of norepinephrine excretion. Among the participants with depressive symptoms, 32% (34 of 106) had a norepinephrine excretion level in the highest quartile (>65 μg/day), compared with 23% (112 of 492) of the participants who did not have depressive symptoms (odds ratio=1.6, 95% confidence interval [CI]=1.0-2.5, p=0.04). This association remained after we controlled for comorbid illnesses, medication use, cardiac function, physical activity, and urinary creatinine level (adjusted odds ratio=1.6, 95% CI= 1.0-2.7, p=0.06), although the confidence interval overlapped one. There were no interactions between depressive symptoms and other predictors of elevated levels of norepinephrine excretion (all p values for interaction >0.05).
Abnormal Levels of Catecholamine Excretion
Depressive symptoms were not associated with abnormal levels of epinephrine or dopamine excretion. However, 9.4% (10 of 106) of the participants with depressive symptoms had a norepinephrine value above the normal range (>100 μg/day), compared with 3.3% (16 of 492) of the participants who did not have depressive symptoms (odds ratio=3.1, 95% CI=1.4-7.0, p=0.007) (Figure 1 ). Again, this association persisted after adjustment for comorbid illness, medication use, physical activity, and cardiac function (adjusted odds ratio=2.9, 95% CI=1.2-6.9, p=0.02).
Norepinephrine and Cardiac Function
Norepinephrine excretion level (entered either as the highest quartile or as a continuous variable) was not associated with systolic blood pressure, diastolic blood pressure, diabetes, congestive heart failure, exercise capacity, or ischemia. Likewise, the highest quartile level of norepinephrine was not associated with left ventricular ejection fraction. However, when entered as a continuous variable, each standard deviation increase in norepinephrine level (25 μg/day) was associated with a 1% decrease in left ventricular ejection fraction (parameter estimate=-0.04, SE=0.02, t=-2.37, p=0.02). This association remained significant after adjustment for male sex, history of myocardial infarction, history of congestive heart failure, use of anti-arrhythmics, and urinary creatinine level.
Discussion
We found that depressive symptoms were associated with elevated levels of norepinephrine excretion in 598 subjects with coronary heart disease. The participants with depressive symptoms were more likely than those without to have increased levels of 24-hour mean norepinephrine excretion, to have norepinephrine excretion levels in the highest quartile, and to have norepinephrine excretion levels above the normal range. The presence of depressive symptoms was not associated with 24-hour urinary epinephrine or dopamine levels.
Because a high norepinephrine level is an established risk factor for cardiac events and mortality (17) (18) (19) (20) (21) (22) , our findings suggest that elevated norepinephrine may contribute to the increased risk of cardiac events associated with depressive symptoms (7) . It is well known that norepinephrine is increased in patients with heart failure, correlates with the severity of heart failure, and is associated with increased mortality in cardiac patients (28) . In our sample, a high level of norepinephrine excretion was associated with the lower left ventricular ejection fraction. These adverse effects of norepinephrine levels have been shown not only in patients with heart failure (21, 28, 29) but also in population-based samples of apparently healthy elderly subjects (20, 22) , in asymptomatic patients without clinically relevant heart failure (18) , in patients with end-stage renal disease without heart failure (19) , and in patients with tachyarrhythmias without heart failure (17, 30) . These findings argue for a more causative role of norepinephrine in increasing the risk for cardiac events and mortality. Possible mechanisms include direct toxic effects of norepinephrine on cardiocytes (16, 31) , its ability to trigger tachyarrhythmia (17, 30) , and its role in the promotion of platelet aggregation and platelet thrombi formation (18) .
To our knowledge, only one previous study has examined the association between depressive symptoms and norepinephrine levels in patients with coronary heart disease (13). Carney et al. (13) measured plasma norepinephrine levels in 50 depressed and 39 nondepressed subjects with coronary heart disease but did not find an association between depressive symptoms and plasma norepinephrine levels. Unlike our study, their measurement of norepinephrine was based on a series of plasma norepinephrine levels at baseline and at three time points within 10 minutes after orthostatic challenge. It is possible that integrated 24-hour urinary measurement of norepinephrine is a more sensitive measure for the detection of differences in norepinephrine levels.
The causal direction between depressive symptoms and norepinephrine levels cannot be determined by our cross-sectional study. However, a plausible mechanism linking depressive symptoms with increased sympathetic activity is the enhanced activity of hypothalamic and extrahypothalamic corticotropin-releasing factor (CRF) in depressed patients. It is well established that CRF is increased in medically healthy patients with depressive symptoms (10,32), leading to increased cortisol levels (33) (34) (35) . Moreover, a large body of evidence suggests that both hypothalamic and extrahypothalamic CRF activate the locus ceruleus in the brain, leading to an increase in norepinephrine (36) (37) (38) (39) .
Accordingly, earlier studies have found that depressed patients who were cortisol nonsuppressors after receiving dexamethasone had higher norepinephrine levels. Moreover, administration of a CRF antagonist led to a diminished norepinephrine response to stress in primates (40) . Thus, high CRF activity may simultaneously lead to elevated cortisol and norepinephrine levels (41) . Moreover, levels of CSF norepinephrine and plasma cortisol were increased and highly correlated in depressed patients, which is also consistent with the increased CRF activity causing these alterations (11) . In turn, norepinephrine enhances forebrain CRF activity, possibly closing a feed-forward loop leading to higher activity of both norepinephrine and CRF in depressed patients (37) . Indeed, in this study group, we also found increased cortisol levels in depressed patients (42) , consistent with this model of norepinephrine-CRF interaction (10).
We did not find an association between depressive symptoms and epinephrine or dopamine levels in this group, which is in accordance with an earlier study that also found increased norepinephrine but similar epinephrine levels in depressed patients (12) . This might suggest that depressive symptoms are more closely related to increased sympathetic nervous system activity, as reflected in increased norepinephrine levels compared with the adrenomedullary system and reflected levels of epinephrine excretion. Indeed, it has been shown that there is a differential response of the sympathetic nervous and adrenomedullary hormonal systems, depending on the type and severity of a stressor (43) .
Several limitations should be considered in interpreting the results of our study. Only 58% (598 of 1,024) of the Heart and Soul Study participants were included in this analysis. However, the prevalence of depressive symptoms was similar in the participants who were included or excluded from the analysis. Although we made every effort to systematically assess medication use and to ensure complete urine collection, our results were limited by self-reported medication use and compliance with the urine collection procedure. Only 17% of our participants were women, thereby reducing our power to detect interactions by gender and limiting the generalizability of our results. Finally, most of the catecholamine values in our group were within the normal range, and their clinical significance is unclear. However, the Heart and Soul Study is an ongoing prospective study that will follow patients to determine whether greater norepinephrine levels at baseline contribute to the association of depressive symptoms with worse outcomes in patients with coronary heart disease.
In summary, we found that depressive symptoms are associated with elevated levels of norepinephrine excretion but not with epinephrine or dopamine excretion levels in medical outpatients with heart disease. Increased levels of norepinephrine excretion may contribute to an increased risk of future cardiac events in patients with depressive symptoms. Table 1 were entered into a backward-elimination model. Other variables that were associated with norepinephrine (at p<0.15) and retained in the model were sex, history of myocardial infarction, history of congestive heart failure, use of tricyclics and betablockers, wall motion score index, resting heart rate, physical activity, regular alcohol use, and urinary creatinine level.
c All variables from Table 1 were entered into a backward-elimination model. Other variables that were associated with dopamine (at p<0.15) and retained in the model were age; sex; ethnicity; history of congestive heart failure; use of diuretics, selective serotonin reuptake inhibitors, angiotensin receptor blockers, and antiarrhythmics; wall motion score index; resting heart rate; current smoking; physical activity; regular alcohol use; body mass index; and urinary creatinine level.
d
The standard deviation of the group with depressive symptoms was 3, which was double the standard deviation of the group without depressive symptoms. Therefore, we used the median and a nonparametric test rather than the mean and a parametric test.
